Objective: To further define the spectrum of clinical presentation and explore the histologic sequelae of jugular bulb abnormalities ( JBAs).
T HE JUGULAR BULB (JB) IS THE confluence of the lateral venous sinuses situated in the jugular fossa. It drains extracranially to the internal jugular vein as it passes through the jugular foramen of the posterior cranial fossa. The precise location of this structure within the temporal bone is variable. Jugular bulb abnormalities (JBAs), including a high-riding JB (HRJB) and JB diverticulum ( JBD), may produce clinical symptoms depending on their impact on neighboring structures. Historically, clinicians have focused on increased surgical risk for hemorrhage owing to a JB's dehiscence into the hypotympanum. More recently, attention has shifted toward patients with an HRJB or JBD eroding into the inner ear and presenting with hearing loss, tinnitus, vertigo, and imbalance.
Jugular bulb abnormalities are not uncommon. The reported frequency varieslikely a function of variable definitions applied by different authors. As we define it, an HRJB reaches the level of the internal auditory canal (IAC), whereas a JBD is an irregular outpouching projecting from the bulb. Recently, we presented a series of 11 cases of inner ear dehiscence due to either an HRJB or JBD impinging on the inner ear. 1 All of the patients were symptomatic, and they most commonly presented with conductive hearing loss (CHL) and/or pulsatile tinnitus, both likely the consequence of a pathologic "third window." In this study, we expand on our previous series 1 of radiologically detected inner ear dehiscence by JBA to better define the spectrum of clinical symptoms attributable to these findings. In addition, we examined a large collection of temporal bone specimens to determine the histologic consequences of JB-mediated dehiscence of the vestibular aqueduct. This combined clinical and histopathologic study of inner ear dehiscence due to JBAs should provide greater insight into this fascinating disease.
METHODS

PATIENTS
Over 2 years, 30 patients with radiologic evidence of JBassociated dehiscence involving inner ear structures on highresolution computed tomography (HRCT) were identified; the dehiscence was confirmed by an experienced neuroradiologist in consultation with a neurotologist (B.K.P. and A.K.L., respectively). The most commonly involved structure was the vestibular aqueduct (25 patients), followed by the facial nerve (5 patients) and posterior semicircular canal (SCC) (4 patients). Each patient had a detailed otolaryngologic history and examination, audiologic evaluation, and radiologic imaging. The study was approved by the institutional review board of New York University School of Medicine (protocol No. 08-861).
EVALUATION WITH HRCT
All of the patients in this series had undergone HRCT of the temporal bone. It was performed on 64 multidetector-row computed tomographic (CT) scanners (Somatom Sensation 64 and Somatom Definition; Siemens, Erlangen, Germany) using a standard temporal bone protocol. The acquisition parameters were 120 kV and 250 to 400 mA. Contiguous 0.6-mm scans of the temporal bone were acquired in the axial plane and reformatted coronally with a 0.6-mm slice thickness with 0.8-mm increments. 
AUDIOLOGIC EVALUATION
VESTIBULAR EVOKED MYOGENIC POTENTIALS
The Navigator Pro Bio-Logic system (Mundelein, Illinois) was used to record vestibular evoked myogenic potential (VEMP) responses. Electrode montage was set up on the patient for a 1-channel recording (surface electrodes on the right and left sternocleidomastoid muscles [SCMs] , and the ground electrode was placed on the sternum). Patients assumed a supine position and were asked to raise and turn their heads as far as possible toward the contralateral side of the stimulated ear to activate and contract the ipsilateral SCM muscles.
The vestibulocollic reflex was evoked by air conduction stimulation via an insert earphone. The stimulus parameters were as follows: a rarefaction 500-Hz tone burst (rise/fall time=4 milliseconds; no plateau; stimulation rate = 4.30 milliseconds). The analysis time following the tone was 100 milliseconds. The signal was bandpass filtered from 30 Hz to 1500 Hz. First, 2 runs at 95-dB normal hearing level on the unaffected side were performed, followed by 2 runs at 70-dB normal hearing level to attempt to abolish the VEMP response. P1 and N1 were marked on the averaged waveform at the higher intensity level. Approximately 200 sweeps were averaged. The VEMP thresholds were categorized as normal if thresholds were present only at 95 dB and as low if thresholds were present at 70 dB. The same procedure was then followed for the affected side. Analysis included assessing for symmetry between the right and left sides in addition to measuring thresholds, latencies, and amplitudes.
TEMPORAL BONE HISTOPATHOLOGIC CHARACTERISTICS
Because dehiscence of the vestibular aqueduct was most common radiologically, a study of temporal bone specimens was undertaken to determine the histopathologic consequences of vestibular aqueduct dehiscence caused by a JBA. The study material consisted of 1805 temporal bones in the Massachusetts Eye and Ear Infirmary collection that had been sectioned in the axial (horizontal) plane. The temporal bones were processed for light microscopy using the standard method consisting of fixation in formalin, decalcification using trichloroacetic acid or EDTA, embedding in celloidin, serial sectioning in the horizontal plane at a section thickness of 20 µm, and staining of every 10th section using hematoxylin-eosin. 2 Of the 1805 temporal bones available, a total of 1579 ears were studied; 226 specimens were excluded because of artifact, pathologic lesions distorting the bony anatomy, or sections that did not reach the inferior limit of the IAC. Temporal bone sections were examined using the light microscope. An HRJB was defined as one that reached the level of the IAC. For every ear with an HRJB and vestibular aqueduct dehiscence, all available sections were examined to look for endolymphatic hydrops. Because the clinical series had several patients with both JBAassociated vestibular aqueduct dehiscence and otosclerosis, the presence of otosclerosis in patients with and without JBA was also noted. Clinical information was obtained from the medical records.
RESULTS
RADIOLOGY OF INNER EAR DEHISCENCE
High-resolution computed tomography was more sensitive than magnetic resonance imaging (MRI) scan in identifying inner ear dehiscence due to JBAs. In this series of 30 patients, HRCT demonstrated that JBAs most commonly eroded into the vestibular aqueduct, followed by the facial nerve and posterior semicircular canal (Figures 1, 2 , and 3, respectively). An HRJB was present in almost all cases of dehiscence, while in 16 of these cases a diverticulum or distinct outpouching from the JB was also noted. The dehiscence was most often on the right side (in20 cases [67%]), whereas bilateral dehiscence was noted in 4 cases (13%). Ten patients (33%) had also undergone MRI scans. Two patients were noted to have a large JB, whereas inner ear dehiscence was not suspected or identified on any of the MRI studies.
CLINICAL SYMPTOMS
The clinical presentation, symptoms, and the results of diagnostic tests are summarized in age age at presentation was 47 years, with a minimum age of 5 years and a maximum age of 82 years. Of the 30 patients, 18 (60%) were female, and 12 (40%) were male. Presenting symptoms attributable to the inner ear dehiscence included CHL (8 patients), pulsatile tinnitus (5 patients), and vertigo (4 patients). Two patients in our series had histories consistent with endolymphatic hydrops ipsilateral to vestibular aqueduct dehiscence by the JB aqueduct. In 15 patients, the inner ear dehiscence was clinically silent or thought to represent an incidental finding because their presenting symptoms were better explained by other diagnoses. In some of these cases, it was difficult to determine if the symptoms could be attributed in part to the inner ear dehiscence. For example, 3 patients with dehiscence and CHL had bilateral otosclerosis; in these patients, the CHL was attributed to otosclerosis. However, the possibility that the inner ear dehiscence was also contributing to the CHL could not be completely excluded.
Acoustic reflexes were present in all patients with the exception of those with otosclerosis or bilateral profound sensorineural hearing loss. The VEMP findings of reduced thresholds consistent with inner ear dehiscence were present in 8 of the 12 patients who underwent this study.
TEMPORAL BONE HISTOPATHOLOGIC CHARACTERISTICS
Of the 1579 temporal bones evaluated, 41 ears showed a dehiscence of the vestibular aqueduct due to an HRJB (Figure 4) . However, endolymphatic hydrops was an infrequent consequence of HRJB eroding into the vestibular aqueduct. Only 2 of these 41 cases demonstrated endolymphatic hydrops; 1 of the 2 cases had a clinical history of Ménière's disease. In comparison, in the 89 ears with an HRJB but without dehiscence of the vestibular aqueduct, 9 ears had hydrops ( Table 2) , and in 7 of these cases, the patients had Ménière's disease. The 2 analysis suggests that endolymphatic hydrops is not more common in the presence of JB-mediated dehiscence of the vestibular aqueduct (Fisher exact test; 2-tailed P=.50).
Histologically, otosclerosis was not more common in patients with HRJB (Fisher exact test, 2-tailed P=.62). Of the 130 ears that had an HRJB histopathologically, 19 (14.6%) had otosclerosis. This compares with 242 ears (16.7%) that had otosclerosis of the remaining 1449 ears that did not have an HRJB (Table 3 ). 
COMMENT
Until recently, inner ear dehiscence by JBAs was underappreciated and underreported in both the radiology and otolaryngology literature. To our knowledge, in this report, we present the largest series of patients with inner ear dehiscence due to JBAs identified radiologically and the largest histopathologic study to explore the consequences of the JB impinging on the vestibular aqueduct. In contrast to our previous report 1 in which all patients were symptomatic, we found, in this larger study, that most patients with JBA-associated inner ear dehiscence are asymptomatic. Jugular bulb abnormalities most commonly eroded into the vestibular aqueduct, followed by facial nerve and posterior semicircular canal as detected on HRCT. While CT scan reliably identified the JBrelated dehiscence of inner ear structures, MRI did not do so in any of the cases. Two-thirds of the dehiscence was on the right side-the side that normally has the dominant venous system draining the head. This suggests that blood flow dynamics may be important in the etiology of JBA and its associated complications. We also explored the possible association of otosclerosis with JBA. In our clinical series, otosclerosis seemed to be present in a greater than expected number of patients (17%), suggesting that the underlying pathophysiologic mechanisms responsible for otosclerosis may also predispose patients to JBA. However, this hypothesis was not supported by the histopathologic study of temporal bones: there was an equal incidence of otosclerosis in specimens with and without HRJB, suggesting that there is no relationship between the 2.
The vestibular aqueduct was the most common structure made dehiscent by the JB radiologically. Few of these patients displayed a consistent symptom complex. Only 2 of these patients had endolymphatic hydrops clinically. Our clinical findings are similar to the experience of Hourani et al, 3 who found dehiscence between JB and vestibular aqueduct in 11.5% of cases, predominantly on the right side, but did not find a significant correlation between the incidence of dizziness, hearing loss, and the dehiscence. The temporal bone histologic findings in specimens demonstrating dehiscence of the vestibular aqueduct from JBA were consistent with the relative absence of symptoms clinically. Only 2 of 41 temporal bones harboring a dehiscence between the JB and vestibular aqueduct showed histologic evidence of endolymphatic hydrops. This suggests that impingement on the vestibu- 
Abbreviations: AR, Acoustic reflexes; Asym, asymptomatic; B, bilateral; CHL, conductive hearing loss; FND, facial nerve dehiscence; HL, hearing loss; JB, jugular bulb; JBD, jugular bulb diverticulum; lat, laterality; L, left; lg, large; MRI, magnetic resonance imaging; nl, normal; NT, not tested; Otos, otosclerosis; PSCD, posterior semicircular canal dehiscence; PT, pulsatile tinnitus; R, right; SNHL, sensorineural hearing loss; V, vertigo; VAD, vestibular aqueduct dehiscence; VEMP, vestibular evoked myogenic potentials; x, present.
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The vertical portion of the facial nerve was the second most common structure to be dehiscent from an HRJB. None of the patients with the radiologic finding of facial nerve dehiscence were symptomatic. Vascular compression, pulsation, and irritation of neural structures are well known to cause symptoms such as trigeminal neuralgia or tinnitus. Absence of facial nerve symptoms on its contact with the JB may be due to the lower venous pressure and less intense pulsation within the venous system, suggesting that unlike arterial compression in the cerebellopontine angle, venous compression of this motor nerve is well tolerated.
The posterior SCC was the least common structure to be dehiscent but was most frequently symptomatic. All 4 cases occurred on the right side. The dehiscence of posterior SCC is analogous to superior SCC dehiscence syndrome and thus would be expected to cause a lowfrequency CHL (seen in 2 of 4 patients) and a positive VEMP test (in 2 of 2 patients tested). In a recent series of 7 patients with posterior SCC dehiscence due to the JB, 6 occurred on the right side, and all had CHL. 4 In contrast to our earlier study, nearly half of the patients with inner ear dehiscence were asymptomatic. This is not an entirely unexpected finding because a significant number of patients with radiologic and VEMP evidence of superior SCC dehiscence syndrome are similarly clinically asymptomatic. 5, 6 In JBA-associated inner ear dehiscence, the absence of clinical symptoms may reflect the lower pressure within the venous system. Alternatively, dehiscence may be "overcalled" radiologically based on the resolution of cross-sectional imaging. Previously, studies have questioned the specificity of radiologic imaging alone in making the diagnosis of bony dehiscence because CT is insensitive to the presence of thin bone owing to volume averaging. [7] [8] [9] For example, error resulting from volume averaging most likely explains the finding of a higher rate of superior SCC dehiscence radiologically than observed histopathologically. 8 This potential error may be minimized by interpreting dehiscence only when an absence of intervening bone is seen in at least 2 consecutive images and in multiple planes-a strategy used in the current study.
Nonetheless, even with a conservative radiologic analysis strategy, radiologic evidence of inner ear dehiscence should prompt additional testing to provide corroborative evidence for dehiscence. Specifically, in patients with an appropriate clinical history and CT findings, VEMP testing should be used to support the diagnosis of inner ear dehiscence. 9 In our series, the finding of reduced VEMP thresholds consistent with inner ear dehiscence was most useful in attributing patients' clinical symptoms to the JB finding.
In our series, patients' symptoms have been managed conservatively, with a plan for observation until more is known about the tendency of these abnormalities to progress. Serial imaging of the patients with JBA-associated dehiscence of vestibular aqueduct and posterior SCC at 3-year intervals is planned to define the natural history of JBA. Surgical approaches have been described for the treatment of JBA to address specific symptoms. One case report describes successful treatment of intractable vertigo by plugging of a dehiscent posterior semicircular canal caused by an HRJB, 10 akin to what has been done in cases of superior SCC dehiscence syndrome. Ligation of the ipsilateral internal jugular vein has also been described for treatment of pulsatile tinnitus secondary to JBA. Clinically significant complications from these interventions have been described, 11 and such treatment must be considered in light of the severity of the patients' symptoms and only after ruling out other possible etiologies. In our series, patients' symptoms have been managed conservatively, with a plan for observation with serial imaging until more is known about the tendency of these abnormalities to progress.
In conclusion, JBAs may lead to dehiscence of the vestibular aqueduct, facial nerve and posterior SCC that can be detected with CT but not MRI imaging. It can be associated with varying manifestations, including hearing loss, pulsatile tinnitus, and vertigo. Almost half of the patients with inner ear dehiscence demonstrated radiologically were asymptomatic. When identified radiologically, it should be corroborated with a VEMP test. In most patients, symptoms can be managed conservatively with serial imaging. 
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